Objective. Interstitial lung disease (ILD) is a frequent complication of systemic sclerosis (SSc) (scleroderma) and the leading cause of scleroderma-related deaths. There exists an unmet need for a new drug therapy for ILD-complicated SSc. Substantial evidence supports an important role for thrombin in the pathogenesis of SSc-associated ILD (hereafter SSc-ILD), and targeting thrombin with a direct thrombin inhibitor could prove to be a novel and effective treatment strategy. As a first step toward designing a clinical trial to test the efficacy of thrombin inhibition in SSc-ILD, we conducted this study to test the safety and tolerability of dabigatran in patients with SSc-ILD.
INTRODUCTION
Systemic sclerosis (SSc) (scleroderma) is a multisystem connective-tissue disease characterized by microvascular injury, autoimmunity, and fibrosis (1) . Pulmonary involvement occurs frequently in patients with SSc, and interstitial lung disease (ILD) is the leading cause of SSc-related deaths (2) . Despite the substantial disease burden associated with SSc-associated ILD (hereafter SSc-ILD), there is currently no US Food and Drug Administration (FDA)-approved medication for treating this condition (3) .
Substantial data implicate the serine protease thrombin in the pathogenesis of SSc-ILD as well as in other ILDs, for example, idiopathic pulmonary fibrosis (IPF) (4) (5) (6) . Lung injury, when coupled with increased vascular permeability, leads to extravasation of plasma-clotting factors into injured airspaces, where exposure to tissue factor initiates the coagulation cascade and the generation of thrombin and fibrin (4, 5) . Thrombin, in turn, promotes lung fibrosis through interaction with specific cell-surface receptors (4, 5, 7) .
Thrombin inhibition results in attenuation of lung fibrosis in vitro and in in vivo animal experiments, leading others and us to propose thrombin inhibition as an attractive strategy for the treatment of SSc-ILD and other fibrosing lung diseases (5, 8, 9) . Whereas general inhibition of the coagulation cascade in patients with lung fibrosis may be detrimental (10) , inhibiting thrombin's fibrotic properties while avoiding a significant effect on hemostasis could have important clinical implications (5, 11, 12) . As a first step toward testing a strategy of thrombin inhibition in a patient population inherently at increased risk of gastrointestinal bleeding, we sought to determine whether treatment of patients with SSc-ILD 
PATIENTS AND METHODS
To test the prediction that dabigatran (dabigatran etexilate) is safe, we conducted a prospective, single-center, openlabel treatment trial with a specific focus on the incidence of bleeding and gastrointestinal side effects in 15 patients with SSc-ILD treated for 6 months at a dose of 75 mg taken orally twice daily. Because patients with SSc-ILD may potentially have a greater risk of bleeding and dyspepsia than the population with atrial fibrillation studied in the pivotal trials for dabigatran etexilate, we chose the lowest available dose for this safety study (75 mg twice daily). The study was approved by the Institutional Review Board of the Medical University of South Carolina and by a data and safety monitoring board (DSMB) established on behalf of the National Institute of Arthritis and Musculoskeletal and Skin Diseases (NIAMS), National Institutes of Health (NIH).
Recruitment strategy, eligibility, schedule of study visits, assessments, study-related procedures, data collection, and study forms are detailed in a manual of procedures developed by the investigators and approved by the DSMB (see Supplemental Material). Potential study subjects were recruited from the Scleroderma Clinic at the Medical University of South Carolina. Entry criteria included the following: 1) age between 18 and 70 years, 2) fulfillment of the 2013 American College of Rheumatology/European League Against Rheumatism (ACR/ EULAR) classification criteria for SSc, 3) SSc of less than 10 years in duration (with the onset of SSc defined as the date of the first non-Raynaud phenomenon manifestation), 4) presence of ILD (defined as any ground glass on the high-resolution computed tomography [HRCT] chest scan and more than 20% involvement by pulmonary fibrosis and/or a predicted forced vital capacity [FVC] of less than 70%), and 5) stable dosage of background immunosuppressive medication for at least 6 weeks prior to enrollment.
Patients were excluded from enrolling if any of the following conditions was present: 1) predicted FVC of less than 40% and/or predicted diffusion capacity for carbon monoxide (DLCO) of less than 30%, 2) clinically significant pulmonary hypertension requiring treatment based on the clinician's judgement, 3) smoking within 3 months prior to enrollment, and 4) risk of bleeding (eg, current anticoagulation, aspirin therapy, platelet count of less than 100,000 per mm 3 , and history of gastrointestinal hemorrhage or gastric antral vascular ectasia). Out of an abundance of caution, our study was designed to enroll no more than 3 patients at a time, with at least 1 month between the last of each group of 3 and the first of the next group of 3. The purpose of the waiting time, along with a set of stopping rules approved by the DSMB, was to minimize the chance of multiple subjects being exposed to the study drug should it be proven not to be safe.
Laboratory studies that included complete blood cell count (CBC), a comprehensive metabolic profile (CMP), and coagulation tests (prothrombin time [PT], partial thromboplastin time [PTT], and thrombin time [TT]) were performed at the baseline study visit and then monthly for the duration of the study. Bronchoscopy with bronchoalveolar lavage (BAL) was performed at baseline and at the end of the study (6 months) by a trained pulmonologist (JTH), as previously described (13) . Thrombin activity was measured in BAL fluid by using a spectrophotometric method (14) . Patient-reported outcomes were assessed by using the Mahler Dyspnea Baseline and Transitional Index (15, 16) , the Scleroderma Health Assessment Questionnaire (SHAQ) (17) , and the University of California, Los Angeles Scleroderma Clinical Trial Consortium Gastrointestinal Tract 2.0 Instrument (GIT) (18) at the baseline, 3-month, and 6-month visits.
Because the focus of this trial was safety, the primary analysis was a sequential probability ratio test (19) that would have resulted in early stopping of the study had the major complication rate exceeded 5%. Exploratory analyses included calculating descriptive statistics for clinical measures at baseline and over time. Linear mixed models with random-subject effects were used to determine whether the changes in clinical measures over the 6-month study period were statistically significant. At each follow-up time point, P values for the change in mean from baseline were also generated by using paired t tests or Wilcoxon signed-rank tests as appropriate. For the exploratory analyses, the α level was set to 0.10, meaning that P < 0.10 was considered statistically significant. All analyses were performed with SAS version 9.4. (SAS Institute, Inc). Table 1 . A majority of subjects were white women (87%) with a mean age of 47.5 ± 9.6 years and a mean disease duration of 4.3 ± 2.9 years. Most study subjects had an autoantibody known to be associated with an increased risk for SSc-ILD: Scl-70 (9 of 15; 60%) or PM/Scl (2 of 15; 13%). All had dyspnea (Mahler Dyspnea Index of 4-14; mean: 7.86 ± 3.11), and most had a restrictive pattern on the pulmonary function test (10 of 15; 67%), with a nonspecific interstitial pneumonia pattern on the HRCT chest scan (10 of 15; 67%). Most were receiving mycophenolate mofetil (MMF) as the treatment of SSc-ILD (11 of 15; 73%) (20) . Of the 15 subjects, 14 (93.3%) completed the 6-month treatment protocol. One subject (patient 10; Table 1 ) was excluded for inability to comply with study protocol visits.
RESULTS

Safety of dabigatran.
Of the 14 subjects who completed the 6-month treatment protocol, 7 patients experienced a total of 11 adverse events (AEs) ( Table 2) . AEs included fatigue, headache, menorrhagia, and epistaxis. All AEs were graded as mild, except for one moderate-grade AE (headache), which the study team and DSMB members felt was not related to the study drug (headache attributed to a preexisting Chiari malformation that resolved after a neurosurgical procedure that required a brief interruption of the study drug). No serious adverse event (SAE) was recorded for any of the study subjects; thus, the sequential probability ratio test never yielded an indication that the SAE event rate was greater than 5%. Monthly laboratory monitoring of CBC and CMP showed no signs of drug toxicity. No significant change in hemoglobin or hematocrit levels was observed. Coagulation studies (Table 3 ) demonstrated no significant change in the PT. The mean PTT was increased (5.1 ± 4.9 seconds; P < 0.004), which was not felt to be clinically significant. Prolongation of the plasma TT was observed in 6 of 9 (67%) of subjects, for whom baseline and 6-month data were available. All data were periodically reviewed by the DSMB, which found no significant safety issues and no reason to invoke the stopping rules set forth in the Manual of Procedures (MOP).
The mean pulmonary function measures for the group did not change significantly over time (Table 4, Figure 1 ); however, some individuals did experience declines greater than 10% in FVC, forced expiratory volume (FEV), or DLCO (n = 4) or improvements greater than 10% (n = 4) from baseline to the end of the study. Results from the linear mixed models confirmed that there was no significant change in pulmonary function over time (P = 0.24, P = 0.24, and P = 0.79 for predicted FVC percentage, predicted forced expiratory volume in 1 second (FEV 1 ) percentage, and predicted DLCO percentage, respectively). Consistent with the findings on the pulmonary function test, we found no significant change in self-reported dyspnea during the 6-month treatment period (P = 0.41). Of 14 subjects, 4 reported worsening dyspnea, 3 reported no change, and 6 reported improvement.
Tolerability of dabigatran. Dabigatran in a dose of 75 mg taken orally twice daily was well tolerated. We observed no patient dropout due to intolerance or AE. Table 5 lists GIT and SHAQ scores and the modified Rodnan Skin Score (mRSS) at the various study time points, and they are displayed in Figure 2 . The 3-month and 6-month GIT assessments showed no significant change from baseline GIT scores, and a linear mixed model confirmed that there was no significant (P = 0.45) change over time in GIT scores. No significant change was noted in the SHAQ score at individual time points or overall during treatment with dabigatran (P = 0.89 from the linear mixed model). The mRSS declined (improved) by the 6-month visit compared with BAL fluid thrombin activity. BAL fluid thrombin activity was elevated (>6.4 ng/ml) at baseline in only 6 of 14 of our study subjects (43%) ( Table 6 ). After treatment with dabigatran, mean thrombin activity was not significantly different from that at baseline, with reduced thrombin activity in 5 of 6 of those with elevated thrombin activity at baseline (83.3%) and a return to the normal range in 4 of 6 (66.7%). One subject (patient 12; Table 1 ) had a substantial increase in BAL fluid thrombin activity after 6 months of therapy with dabigatran. Excluding this single case, the BAL fluid thrombin activity decreased or remained stable in 13 of 14 (92.8%) subjects.
DISCUSSION
SSc-ILD is a major cause of morbidity and mortality for which no FDA-approved treatment exists (2, 3) . Cyclophosphamide (2), MMF (20) , and myeloablative autologous stem-cell transplantation (21) have been shown to improve lung function in a variable percentage of patients, but such therapies are often toxic or ineffective. Two FDA-approved drugs for IPF, nintedanib and pirfenidone, and a number of other drugs are currently under investigation (3). Given the substantial disease burden and unmet need, there is an urgency for novel treatment strategies for SSc-ILDs.
One such strategy involves targeting the serine protease thrombin. The rationale for this strategy is based on extensive evidence showing that thrombin plays an important role in the pathogenesis of SSc-ILD as well as IPF (see below). To assess potential risks of thrombin inhibition in patients with SSc-ILD, we conducted a pilot study in which 14 of 15 patients with SSc-ILD completed 6 months of treatment with dabigatran (75 mg taken orally twice daily). The demographics of our study population are similar to those of Scleroderma Lung Study I (SLS I) and Scleroderma Lung Study II (SLS II) (20, 22) , although the disease duration of our study population was somewhat longer. AEs were uncommon and were usually mild or unrelated to the study medication. There were no SAEs. Dabigatran was well tolerated, and we observed no significant gastrointestinal, pulmonary, or other safety issues or intolerability.
The primary aim of our study was to assess safety. Given the small cohort size, this study was not powered to assess efficacy. We did, however, obtain pulmonary function testing at the baseline, 3-month, and 6-month visits out of an abun-dance of caution because systemic anticoagulation with warfarin in a prior IPF clinical trial was found to be associated with an increase in risk of FVC decline and patient death (10) . With dabigatran treatment, we observed no significant deterioration of pulmonary function or dyspnea at the 3-month or 6-month assessments, suggesting that, unlike warfarin, dabigatran is not associated with an increased risk of respiratory decline. The mean pulmonary function measures for the group did not change significantly over time (Table 4, Figure 1 ); however, some individuals did experience declines greater than 10% in FVC, FEV, or DLCO (n = 4) or improvements greater than 10% (n = 4) from baseline to the end of the study.
To assess gastrointestinal tolerability, patients completed the GIT, a validated self-administered 34-item tool that captures the gastrointestinal burden associated with SSc as well as the majority of the commonly reported gastrointestinal symptoms | 409 associated with dabigatran (18) . GIT assessments indicated no significant change in gastrointestinal symptoms. Patients also completed the SHAQ, a widely used and well-characterized outcome measure for SSc (17) . No significant change was noted in the SHAQ score at individual time points or overall during treatment with dabigatran, indicating an absence of any negative effect of treatment on overall SSc disease status. The mRSS declined at the 6-month visit compared with the baseline visit, with an average monthly decline in mRSS of 1.1 units (95% CI: 0.4-1.7 units; P = 0.004). Given the small sample size and the lack of a control group, no conclusions can be drawn regarding an effect of dabigatran on the mRSS. There is substantial evidence supporting vascular injury and overexpression of thrombin in the pathogenesis of both SSc-ILD and IPF (8, 14, (23) (24) (25) (26) (27) (28) (29) (30) . We previously reported that thrombin activity is highly expressed in the BAL fluid of patients with SSc-ILD (14) . Additionally, we observed that after a brief exposure to thrombin in vitro, normal lung fibroblasts undergo differentiation to a myofibroblast phenotype, with such activation occurring via a protease activated receptor-1 (PAR-1)/protein kinase C-epsilon (PKCɛ)-dependent pathway (28) . Dabigatran inhibits thrombin by preventing cleavage of the extracellular domain of the PAR-1 receptor, thereby inhibiting thrombin's cellular effects (28, 29) . We have shown that dabigatran inhibits thrombin-induced differentiation of normal lung fibroblasts to the SSc-like myofibroblast phenotype, and with thrombin inhibition, SSc lung fibroblasts exhibit decreased expression of connective tissue growth factor (CTGF) (CCN2), α-smooth muscle actin, and collagen type I (28, 29) . We also demonstrated that dabigatran has anti-inflammatory and anti-fibrotic effects in a bleomycin model of pulmonary fibrosis, and no hemorrhagic complication was observed with such treatment (8) . Thus, we and others have concluded that the antifibrotic effects of dabigatran are specific to inhibition of thrombin per se, rather than to its less-specific effects on coagulation and hemostasis, and thus the dissociation of the antifibrotic effects from hemostasis may have important clinical implications (5, 11) .
BAL fluid thrombin activity was elevated at the baseline assessment in only 6 of 14 of our study subjects (43%), perhaps owing to the frequent use of immunosuppressive therapy in these patients. After treatment with dabigatran, the mean thrombin activity was not significantly different from that at baseline. A single subject was found to have a substantial increase in BAL fluid thrombin activity at the 6-month visit. We do not have a definitive explanation for this increase; however, we can exclude noncompliance because the plasma TT measured at the time of the BAL procedure was more than 50 seconds. This patient's overall disease may have been more active, because the mRSS had increased, dyspnea had worsened, and the BAL cell count differential contained 10% neutrophils. Excluding this single case, the BAL fluid thrombin activity decreased or remained stable in 13 of 14 (92.8%) subjects.
For those patients whose BAL fluid thrombin expression was elevated at baseline, dabigatran administration lowered thrombin activity. In some of our study subjects, the BAL fluid thrombin activity was normal at baseline. Future studies might employ a thrombin activity measurement for cohort enrichment, electing to treat only those patients with increased lung thrombin activity. A low dose of 75 mg twice daily was chosen for this exploratory study because no previous safety studies had been reported in this patient group; however, some patients may require a higher dosage (eg, 150 mg twice daily) to maintain low expression of lung thrombin activity. Future studies should be designed to explore this issue as well as to further explore the safety and the efficacy of dabigatran in patients with SSc-ILD and other fibrosing lung diseases.
